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ABSTRACT
We compute the rate of supercollapsars by using cosmological, N-body, hydro, chemistry
simulations of structure formation, following detailed stellar evolution according to proper
yields (for He, C, N, O, Si, S, Fe, Mg, Ca, Ne, etc.) and lifetimes for stars having different
masses and metallicities, and for different stellar populations (population III and population
II-I). We find that supercollapsars are usually associated to dense, collapsing gas with little
metal pollution and with abundances dominated by oxygen. The resulting supercollapsar rate
is about 10−2 yr−1sr−1 at redshift z = 0, and their contribution to the total rate is < 0.1
per cent, which explains why they have never been detected so far. Expected rates at redshift
z ' 6 are of the order of ∼ 10−3 yr−1sr−1 and decrease further at higher z. Because of the
strong metal enrichment by massive, short-lived stars, only ∼ 1 supercollapsar generation is
possible in the same star forming region. Given their sensitivity to the high-mass end of the
primordial stellar mass function, they are suitable candidates to probe pristine population III
star formation and stellar evolution at low metallicities.
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1 INTRODUCTION
Star formation is one of the main events taking place during the
whole cosmic evolution. At early times this process is particularly
interesting because it happens in pristine regions where primor-
dial stars can be formed via molecular-hydrogen cooling (Saslaw
& Zipoy 1967) ruling gas collapse and fragmentation (Abel et al.
2002; Yoshida et al. 2003) independently from the background cos-
mological framework (Maio et al. 2006; Maio 2011). Pollution
of the surrounding environments with the first newly synthesised
heavy elements boosts gas cooling capabilities through atomic fine-
structure transitions (e.g. Maio et al. 2007) and leads from the
primordial pristine ‘population III’ (popIII) star formation regime
to the subsequent metal-enriched ‘population II-I’ (popII-I) one
(Maio et al. 2010; Wise et al. 2012). Nature and features of pri-
mordial stars are still matter of debate, since different works pre-
dict both very massive objects reaching∼ 102−103 M (Woosley
et al. 2002; Heger & Woosley 2002; Heger et al. 2003), and lighter
ones close to standard values (Yoshida et al. 2007; Greif et al.
2011; Stacy & Bromm 2013). Direct observational evidences of
the first stars are not available, yet, and their mass distribution is
unknown, too. Despite these uncertainties, theoretical models of
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low-metallicity (Z) stars (Fryer et al. 2001) suggest that some of
them could die explosively and leave a black hole as a remnant,
possibly generating gamma-ray bursts (GRBs) (Bromm & Loeb
2006; Nuza et al. 2007; Kumar et al. 2008; Macpherson et al. 2013).
Numerical simulations of cosmic star formation suggest that such
explosions would affect directly the surrounding environments and
would contaminate their host galaxy (Campisi et al. 2011; Maio
et al. 2012; Salvaterra et al. 2013) with a number of different feed-
back effects (Maio et al. 2011; Petkova & Maio 2012; Wise et al.
2012; de Souza et al. 2013; Biffi & Maio 2013; de Souza et al.
2013). Moreover, GRBs could be optimal tools to study the status
of the cosmic gas, its neutral, dust and metal content (e.g. discus-
sion in Salvaterra et al. 2013), and to check the visible effects of
different cosmological models1 in the primordial Universe (Maio
et al. 2012).
Typical progenitors for GRBs have masses between∼ 20−40 M
up to ∼ 140 M ending their life as supernova (SN) explosions.
These dying stars can generate jetted γ emissions with character-
istic luminosities of ∼ 1050 − 1051 erg s−1 distributed from keV
to MeV energy bands (Salvaterra et al. 2012). Stars with masses
between ∼ 140 M up to 260 M could form pair instability su-
1 As e.g. non-Gaussianities (Maio & Iannuzzi 2011; Maio et al. 2011;
Zhao et al. 2013) and dark energy (Maio et al. 2006).
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pernovae (PISN) (Fraley 1968), which are powerful explosions, but
do not form jets. If the primordial stellar initial mass function (IMF)
is top-heavy and samples very massive stars exceeding∼ 260 M,
these latter could collapse into massive black holes and produce
jets, giving birth to the commonly known supercollapsars (SCs).
As suggested by Komissarov & Barkov (2010), the collapse of very
massive stars could be accompanied by extremely energetic explo-
sions with formation of magnetically driven jets (e.g. Blandford
& Znajek 1977; Barkov & Komissarov 2008; Barkov & Baushev
2011). These jets can reach a power of about 1052 erg/s, (i.e. at
least ten times larger than the mentioned more common GRB pro-
genitors) releasing up to ∼ 1055 ergs of the black-hole rotational
energy (Komissarov & Barkov 2010; Me´sza´ros & Rees 2010; Suwa
& Ioka 2011; Toma et al. 2011) in about 104 s. Since primordial
popIII stars are not expected to contribute to the GRB rate for more
than ∼ 10 per cent at z ∼ 6 (Campisi et al. 2011; de Souza et al.
2011), due to the strong metal spreading events after the first star
formation episodes (Maio et al. 2010), SCs should present an even
lower contribution at these epochs.
Unfortunately, the SC cosmological rate is still unknown and no SC
occurrences have been measured by available experiments, so far.
It is not clear whether this is due to the intrinsic nature of SCs or
to the fact that stellar evolution models might be wrong in predict-
ing properties or even existence of very massive stars – i.e., SCs
could not exist at all (Yoon et al. 2012). A typical feature which
we could expect is that SCs should be located in recently collapsed
gas, where the forming massive stars (∼ 102M) would explode
more or less simultaneously with SC progenitors. Since SCs are
extremely sensitive to the high-mass end of the stellar mass dis-
tribution, their cosmological detection (or undetection) at different
redshifts (z) could help place significant constraints on the IMF at
various epochs and test the validity of stellar evolution models at
low Z. In order to do that, it is important to investigate the hosting
metallicity environments and to estimate the rate of SCs and their
contribution to the expected GRB rate in a cosmological context.
In the next Sect. 2, 3 and 4 we will asses this problem via numeri-
cal, hydrodynamical, chemistry simulations following gas cooling
at temperatures∼ 10−109 K, star formation, detailed stellar evolu-
tion according to proper stellar yields and lifetimes and supernova
explosions from both popIII and popII-I regimes from high to low
redshift. We will show that, indeed, SC events can be easily asso-
ciated with first cosmic pollution events in the primordial Universe
and that their rate can reach ∼ 10−2 yr−1 sr−1 at lower redshift.
The consequent SC contribution to the total GRB rate results to be
of ∼ 1 per cent at z ∼ 6 and drops down to < 0.1 per cent at
z ∼ 0.
2 METHODS
We use numerical, hydrodynamical, chemistry simulations for
structure formation in a flat ΛCDM Universe with cosmological-
constant, total-matter, dark-matter and baryon-matter parameters
Ω0,Λ = 0.7, Ω0,m = 0.3, Ω0,dm = 0.26, Ω0,b = 0.04, re-
spectively, and with Gaussian initial matter perturbations in a box
of 100 Mpc/h a side and corresponding gas mass resolution of
∼ 3 × 108 M/h as described in Maio & Iannuzzi (2011); Pace
& Maio (2013). They are performed with an updated version of
Gadget-3 code (Springel 2005) and implementing N-body and hy-
drodynamics calculations, coupled to gas cooling between ∼ 10
and∼ 109 K (Maio et al. 2007), star formation and feedback mech-
anisms (Springel & Hernquist 2003; Katz et al. 1996; Maio et al.
2009), UV background (Haardt & Madau 1996), and stellar evolu-
tion according to proper yields for He, C, N, O, Si, S, Fe, Mg, Ca,
Ne, etc. (Tornatore et al. 2007; Maio et al. 2010) and delay times
for stars with different masses and metallicities (Matteucci & Greg-
gio 1986; Renzini & Buzzoni 1986; Schaerer 2002).
The star formation rate density, ρ˙?, resulting from the collapsing
material, follows from gas density and thermodynamical state ac-
cording to metal-dependent cooling and heating processes. Stars
are formed according to an IMF, φ(M?), of the form
φ(M?) ∝Mx? (1)
and defined over a suited stellar mass range. More exactly, for the
popII-I regimes we use a Salpeter (1955)-like IMF over the range
[0.1, 100]M with slope x = −2.35, while for the popIII regime a
top-heavy IMF is assumed over the range [100, 500]M with slope
x = −2.35. The transition from popIII to popII-I star formation
takes place when the local Z of the star forming region reaches a
critical level (Bromm & Loeb 2003; Schneider et al. 2006; Santoro
& Shull 2006) of Zcrit = 10−4Z (uncertainties of this critical
value in the range 10−6Z − 10−3Z have negligeble impacts, as
shown by Maio et al. 2010).
Stellar evolution allows us to track the lifetimes of stars, τ?, de-
pending on the particular stellar masses, M?, normalized to the so-
lar value, m? ≡ M?/M, and computed according to (Matteucci
& Greggio 1986):
τ?(m?) =
(
1.2m−1.85? + 0.003
)
Gyr (2)
for m? > 6.6
and (Renzini & Buzzoni 1986):
τ?(m?) =
(
101.338−
√
1.790−0.2232(7.764−Logm?) − 9
)
Gyr (3)
for m? 6 6.6.
The lifetimes of primordial, massive, popIII stars are not very sen-
sitive to m? (Schaerer 2002):
τ? ' 2× 106yr for 100 6 m? 6 500. (4)
We stress that this basically means that we do not rely on the instan-
taneous recycling approximation (IRA), and heavy elements are re-
leased in the surrounding medium with delay times dictated by their
parent stars. Metal yields for popIII PISN, standard type II SN,
AGB stars and type Ia SN are taken by Heger & Woosley (2002,
2010); Woosley & Weaver (1995); van den Hoek & Groenewegen
(1997); Thielemann et al. (2003). Feedback effects from exploding
stars are responsible for enriching the medium with heavy elements
and for heating the gas above 104 K. These processes are crucial for
ionising H and for altering the cooling capabilities of the next gen-
erations.
Once the star formation history is established (see Fig. 4 by Maio
& Iannuzzi 2011), it is possible to compute the GRB rate and the
SC rate at different redshfit. Following e.g. Campisi et al. (2011);
Salvaterra et al. (2012, 2013); Maio et al. (2012), we assume that
GRBs are good tracers of star formation2 and that the (comoving)
GRB formation rate (GFR) number density, n˙GRB, scales propor-
tionally to the (comoving) star formation rate density, ρ˙?,
n˙GRB = fGRB ζBH ρ˙?, (5)
2 This assumption is quite fair at low metallicities, where SCs are expected
to form, however at Z larger than ∼ 0.1Z there are still debates about
possible biases.
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Figure 1. Maps of the gas temperature (left), Oxygen (center) and Iron (right) mass fractions at redshift z = 7.5 (upper row) and z = 0 (lower row). At high-z
O-rich regions have just undergone massive-star explosions and, possibly, SC events. At later times, enrichment patterns are degenerate with stellar evolution
from all stellar masses.
according to the fraction of BH formed per unit stellar mass, ζBH,
and to the efficiency in powering a GRB during the collapse phase,
fGRB. It is possible to compute the resulting (physical) rate, R(z),
as
R(z) =
dN˙(z)
dΩ
(6)
where dΩ is the solid angle and the expected observable GRB num-
ber rate, N˙(z), is given by integrating n˙GRB over the cosmologi-
cal volume and the luminosity function ψ(L) above the sensitivity
threshold, Lth:
N˙(z) = γb
∫ +∞
z
dz′
dV (z′)
dz′
n˙GRB(z
′)
(1 + z′)
∫
Lth(z
′)
ψ(L′)dL′.
(7)
Above we took into account cosmic time dilation by the factor
(1 + z′)−1 and the redshift dependence of the comoving cosmic
volume element dV (z′) and Lth(z′). The threshold sensitivity de-
pends on the details of the particular kind of experiment considered
(for the Swift instrument it corresponds to 0.4 photons/s/cm2 in
the [15, 150] keV energy band). Morevoer, since GRBs are jetted
sources, we also included the beaming factor, γb, to get a directly
observable quantity 3.
The overall normalisation including all the pre-factors entering the
equation above is consistently taken by the best-fit value in Table
1 by Maio et al. (2012) computed for a Gaussian initial matter dis-
tribution and a (comoving) box side of 100 Mpc/h. It is estimated
3 We warn the reader that sometimes alternative, but similar, definitions
can be found in literature for N˙(z) and R(z) and the number rate can be
expressed e.g. per unit redshift interval or also per unit logarithmic redshift
interval. The physical meaning remains almost unchanged, but the mathe-
matical behaviour can demonstrate some variations.
by using Swift data and by imposing that none of the GRBs ob-
served by Swift were originated by popIII progenitors (as in e.g.
Campisi et al. 2011). Assuming that all the possible events could
be detected by an ideally perfect instrument, independently from
contingent limitations, equations (6) and (7) readily give us the esti-
mated rate for both the entire population and for the supercollapsar
one (having progenitors with masses > 260M).
3 RESULTS
In Fig. 1 we display some examples of theoretical expectations for
gas temperature, T , and metal abundances both at high (z = 7.5)
and low (z = 0) redshift. The overall temperature evolution is very
clear, being T mostly below∼ 104 K in large volumes of the infant
‘dark’ Universe. First star forming regions at z > 7.5 are visible
thanks to the higher temperatures and oxygen abundances locally
determined by PISN and/or SN explosions and well recognisable
at z = 7.5 in haloes with typical sizes of . 1011 M/h . At very
high redshift, signals from . 108M/h structures might be hid-
den due to resolution limitations, and their effects on star and GRB
formation would be visible at z > 10 (as discussed in e.g. Campisi
et al. 2011). In the maps corresponding to z = 7.5 metal pollu-
tion is still not very significant, because only a few massive stars
could have exploded and spread O and α elements, leading to typ-
ical abundances of the order of ∼ 10−4 − 10−2 Z. Later on, the
ongoing structure growth, star formation, metal pollution by stellar
evolution, and feedback effects cause the Universe to be, in aver-
age, hotter and more metal rich, as shown by the z = 0 maps,
and consequently less suited to a massive-star regime and SC for-
mation. The production of the various heavy elements in the pri-
mordial Universe is still in its first stages, while at later epochs it
gets more advanced and becomes particularly hard to find unpol-
luted, collapsing clumps. Additionally, stellar evolution from vari-
c© 0 RAS, MNRAS 000, 1–6
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Figure 2. Left. Expected GRB formation rate number densities (top panel) according to the star formation rates of the whole population (total) and of the
supercollapsar (SC) one, with corresponding SC fractional contribution (bottom panel) at different redshifts. Right. Expected rates (top panel) for the whole
gamma-ray burst population (total) and for supercollapsars (SC), with corresponding SC fractional contribution (bottom panel) at different redshifts.
ous populations of stars with different masses and lifetimes plays a
non-negligible role in affecting the yield elemental fractions, which
is instead better recognisable at earlier epochs. Late-time pollution
is featured by increasing iron (Fe) production via low-mass, long-
lived stars dying as type Ia SN. In general, these results show a quite
inhomogeneous enrichment, stronger in dense or clustered regions
and weaker in peripheral areas of haloes or in voids. These envi-
ronmental dependencies suggest that SCs are expected to be quite
rare episodes, even if at higher z conditions are definitely more
favourable.
We show our results for the total GFR and GRB rates and the cor-
responding SC sub-class in Fig. 2. On the left panel, we show the
total GRB formation rate and the SC formation rate, as expected
from the outcomes of our cosmological simulations. In general,
going from high to low z, the GFR increases, reaching a peak at
z ∼ 2 − 3 and following a subsequent decreasing trend down to
redshift ∼ 0. This behaviour is due to the fact that at the peak red-
shift the conditions are optimal for star formation over cosmolog-
ical scales. In fact, at higher z structure growth is still in its initial
stages and only rare high-σ perturbations could form and host gas
cooling and stellar evolution processes. On the other extreme, low-
z cosmological evolution is dominated by an accelerated expansion
(led by ΩΛ) which inhibits gas inflows and star formation mecha-
nisms. A similar reasoning applies to SC formation rates, with the
only difference that SCs are limited in unpolluted areas and, hence,
their decline at low redshift is steeper. Their peak is at z ∼ 5−6 and
features a quite broad evolution in time. The ratio between SC and
total GFR is initially close to ∼ 1, drops to ∼ 0.1 at z ∼ 12− 14,
and steeply decreases to < 10−2 at z ∼ 10 and to < 10−5 at
z . 1. On the right panel, we show the physical rate R between
z = 0 and z ' 15. Since R is an integrated quantity of a non-
negative function in z, its trend is monotonic for both the total case
and the SC case. Due to the bursty nature of primordial galaxies
(Salvaterra et al. 2013; Biffi & Maio 2013), the total rate can be
of the order of unity yr−1 sr−1 already at z & 6, i.e. within the
first Gyr of life of the Universe, while first star formation events
could be traced back by GRBs and/or SCs up to much higher red-
shift (z ∼ 15). Given the paucity of > 260M progenitors4, SCs
are always sub-dominant with respect to the whole GRB popula-
tion and their contribution rapidly decreases at lower redshift. As
previously mentioned, this is a direct consequence of the fact that,
while cosmic structure formation and metal spreading proceed, the
Universe becomes more and more enriched with metals and the
dominant star formation mode is the popII-I one. At earlier cos-
mological epochs the total GRB rate decreases with increasing z
because of the redshift suppression in equation (7) and the lower
overall amount of stars formed. The resulting SC rate, which is only
a few 10−2 yr−1 sr−1 at z ' 0, makes SCs rare events. For sake of
comparison, we note that the total GRB rate at redshift ∼ 10 turns
out to be on the level of ∼ 3 × 10−3 yr−1 sr−1, while at z ∼ 15
it is only 10−5 yr−1 sr−1. The corresponding SC rate results, in-
stead, of the order of 10−4 and 10−6 yr−1 sr−1, at redshift z ∼ 10
and 15, respectively. The ratio between SC and total rate is not con-
stant, meaning that there is no direct proportionality between them,
and that the non-linear effects of structure growth are affecting their
behaviour, as well. In fact, the SC contribution decreases with red-
shift from ∼ 0.1 at z ∼ 15 down to < 10−3 at z ∼ 0. After a
few times 108 yr (z ∼ 8− 10) from the onset of the first events, it
drops to values around∼ 10−2 − 10−1, due to metal-enriched star
formation and further standard popII-I GRB progenitors exploding.
These conclusions are consistent with recent considerations relying
on the fact that usually a large fraction (∼ 93 per cent; Biffi & Maio
2013) of early structures gets metals via self-enrichment, indepen-
dently by merger events or other external drivers, hence, only ∼ 1
SC generation is usually possible in the same star forming region.
An interesting detail of the SC formation rate is its relatively low-
4 This is also related to the assumed IMF slope, however, by varying it
within reasonable ranges one would get only slight changes around the same
order of magnitude (see previous discussion and parameter studies in Maio
et al. 2010).
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z maximum position (z ∼ 5 − 6), reflected by the correspond-
ing change from a steeper to a shallower slope in R. In this re-
spect, semi-analytic investigations have tried to explore the popIII
GRB epoch by relying on dark-matter mass functions and simple
recipes for gas cooling, but their results have been shown to be
quite sensitive to the underlying approximations with optimistic
cases suggesting popIII GRB peak formation down to z ∼ 3 (de
Souza et al. 2011) and more extreme cases limiting popIII GRBs
at z > 5 (Bromm & Loeb 2006). It is intriguing to realize that our
results about popIII GRBs, and more specifically about SCs, can
be interpreted as a smooth, intermediate trend between these two
opposite scenarios. This is possible thanks to the advantages of our
numerical simulation that can simultaneously track, in a large vol-
ume, gaseous and chemical patterns of material in different haloes
and with different thermodynamical properties, by following metal
ejection and stellar death according to suited mass-dependent life-
times.
As a consequence, compared to previous assumptions (e.g. Komis-
sarov & Barkov 2010; Me´sza´ros & Rees 2010), where the SC peak
was placed at z ∼ 10−20, this implies that if SC will be observed,
they should be bright transients in hard X-ray with duration of the
order of several hours. Unfortunately, it is very difficult to know
the light-curve shape or spectra of SCs. We can speculate that the
closest analogue for a SC is a long GRB and that observational
properties of SCs could be similar, but with a light curve stretched
of a factor of 100 in time. The smoking gun for a SC event could
be a pristine host galaxy with a relatively high column density of
neutral gas and no or little pollution, possibly dominated by oxy-
gen and α elements. Such conditions would be met either in the
primordial Universe or in pristine regions surviving cosmic metal
enrichment at late times.
We remind that the one outlined above represents the best-case sce-
nario, derived by the undetection limits suggested by Swift and,
hence, the actual values for the rates could be lower due to further
unaccounted contingent or practical limitations while using real in-
struments. Never the less, we can state that, if SCs existed, previous
experiments could not have observed them because of insufficient
statistical sampling.
4 CONCLUSIONS
We have computed the rate of supercollapsars (SCs) that could be
originated by pristine star formation at different redshifts by means
of cosmological simulations including N-body and hydro calcula-
tions, coupled to gas chemistry, cooling, star formation, feedback
and stellar evolution according to proper metal yields and lifetimes
(see Maio et al. 2010; Maio & Iannuzzi 2011; Pace & Maio 2013).
As a result of massive-star explosions, SCs can be easily associated
with early star forming regions characterised by higher oxygen (O)
and α elements pollution and lower iron (Fe) content, with O frac-
tions reaching even 10 times Fe fractions. The supercollapsar rate
is always a few orders of magnitude lower that that of the total
GRB population and reaches values of a few 10−2 yr−1 sr−1. This
is about 1/10 of what expected from numerical studies of popIII
GRB populations (Campisi et al. 2011). The contribution of SCs
to the total GRB rate regularly decreases in redshift from . 1 at
high z down to < 10−3 at z ∼ 0, modulated by several physical
mechanisms, as the ongoing cosmological structure growth, star
formation processes, feedback effects, stellar evolution and metal
spreading. Because of the strong metal enrichment by short-lived,
massive stars, only ∼ 1 SC generation is usually possible in the
same star forming regions. Despite their powerful jets and the large
amounts of energy released, their extreme paucity justifies why pre-
vious searches did not find them. Given their strong sensitivity to
the high-mass end of the primordial IMF, they represent suitable
candidates to probe pristine popIII star formation and stellar evo-
lution at low metallicities. The detection of even one of such event
can directly proof the existence of very massive popIII stars and
pose constraints on their physical properties.
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